provided an elegant solution to the problems of telomere replication and reactivity. He proposed that telomeres end in a hairpin loop that connects the two strands of the DNA duplex. Full replication yields an inverted repeat, which is then processed into two new telomeres by the introduction of staggered nicks, followed by strand separation and snap-back of the overhanging single-stranded ends. Telomeric reactivity is limited by the provision of a hairpin terminus. In a modified form of this model, the processing of the inverted repeat occurs by the formation of a cruciform, which is cleaved at its base by enzymes which recognize Holliday junctions (Fig. lb) . We refer to the processing of an inverted telomeric repeat into two new DNA termini as the resolution reaction.
terminus of the transforming DNA. The elongation reaction was very efficient, and we believe that it was responsible for maintaining an average telomere length despite incomplete replication by template-directed DNA polymerase. The resolution reaction processed a head-to-head inverted repeat of telomeric sequences into two new telomeres at a frequency of 10-2 per cell division.
Telomeres, the ends of linear eucaryotic chromosomes, are DNA sequences that provide a stable chromosomal terminus. Telomeric DNA must therefore play a role in overcoming two problems. First, DNA polymerases require a primer and synthesize DNA only in the 5' to 3' direction, so that the lagging strand at the end of the chromosome cannot be fully replicated (35) . Even a very small extent of incomplete replication would cause a continuing decrease in chromosome length. The second problem is the reactivity of DNA ends. Nontelomeric DNA ends produced by ionizing radiation, mechanical breakage, or restriction enzyme digestion are subject to degradation by nucleases and to fusion by ligation (11, (17) (18) (19) 23) . Irreversible loss of DNA by degradation would eventually remove essential sequences from a chromosome, while the fusion of two telomeres would create dicentric or ring chromosomes. Dicentric chromosomes are rearranged as the result of chromosome breakage in mitosis, while circular chromosomes give rise to dicentric dimeric circles by sister chromatid exchange.
The model of Bateman (1) (Fig. la) provided an elegant solution to the problems of telomere replication and reactivity. He proposed that telomeres end in a hairpin loop that connects the two strands of the DNA duplex. Full replication yields an inverted repeat, which is then processed into two new telomeres by the introduction of staggered nicks, followed by strand separation and snap-back of the overhanging single-stranded ends. Telomeric reactivity is limited by the provision of a hairpin terminus. In a modified form of this model, the processing of the inverted repeat occurs by the formation of a cruciform, which is cleaved at its base by enzymes which recognize Holliday junctions (Fig. lb) . We refer to the processing of an inverted telomeric repeat into two new DNA termini as the resolution reaction.
Since this model was proposed, considerable progress has been made in the analysis of telomeric structure. The terminal several hundred base pairs of all known telomeres are composed of simple sequence DNA. In all cases G residues are found only on the strand which runs 5' to 3' towards the terminus of the DNA. For historical reasons, telomere sequences are usually described with respect to the complementary C-rich strand. In many species, long arrays of short repeat units are found: CCCCAA in Tetrahymena (3) and CCCTAA in trypanosomes (4, 32) . Oxytricha is unusual in having a shorter stretch of C4A4 repeats (15) . In Dictyostelium (C1,T) (7) and in S. cerevisiae (C1l3A) (26) , the repeat unit is irregular. In Oxytricha the telomere structure is precisely defined: there are a fixed number of C4A4 repeats, and the end of the molecule is a double-stranded break with a 16-base-pair (bp) 3' overhang (15) . In other organisms the heterogeneity in the number of telomere repeats has hampered attempts to determine the nature of the DNA terminus. In yeast and Tetrahymena cells, single-strand interruptions are found within the telomeric repeats on both the CA-and GT-rich strands (26) .
How might these telomeric structures be involved in fulfilling the telomeric functions noted above? It (25, 30, 33) . In trypanosomes, the elongation reaction is particularly synchronous, and regular growth of telomeres can be observed (2). While most workers proposed a recombinational mechanism for the elongation reaction (2, 34), the addition of irregular yeast repeats to the regular Tetrahymena repeats in yeast cells led Shampay et al. (26) to propose a mechanism involving non-templatedirected DNA synthesis (Fig. lc) . Recently, Grieder and Blackburn (8) The telomeres are sealed by hairpin loops. Replication around these loops generates an inverted repeat of the telomere. Two nicks (-) are introduced on opposite strands, the region between the nicks is melted to allow the two halves of the repeat to separate from each other, and the single-stranded regions then fold back to recreate the hairpin chromosome terminus. Carets (>, <) indicate location and orientation of the telomeric repeats. (b) Modified Bateman model (29) . Replication as in panel a, but resolution via cruciform intermediate. The cruciform is nicked by enzymes which cleave Holliday junctions, to regenerate hairpin termini. (c) Non-template-directed DNA synthesis model (26) . A single telomere is shown with a 3' overhang of the type that would be generated by incomplete telomere replication. This overhang is extended by non-templatedirected DNA synthesis. Symbols: ---, newly replicated DNA;, RNA primer for template-directed DNA polymerase.
ity that can add T2G4 repeats to single-stranded T2G4 or TG1I3 primers (which correspond to the sequences which run 5' to 3' towards the termini of Tetrahymena and yeast telomeres, respectively) in the absence of any template. This enzyme has an essential RNA component; it is possible that the RNA component determines the sequence of the DNA that is recognized and/or synthesized (9) .
We have investigated the telomere resolution and elongation reactions in yeast by introducing DNA molecules of defined structure into yeast cells and then following their fate in vivo. In particular we have investigated the substrate specificities of these reactions and attempted to determine which of them is responsible for the completion of telomere replication. The efficiency of the elongation reaction suggests that it plays a central role in telomere replication. Our experiments support the involvement of non-template-directed DNA synthesis in the elongation reaction and argue against a recombinational mechanism.
MATERIALS AND METHODS Enzymes, chemicals, and media. Restriction enzymes and T4 DNA ligase were obtained from New England Biolabs and used as recommended by the manufacturer. Medium components were from Difco and Sigma, and media were prepared as described before (27) .
Strains. The bacterial strains JA300 (31) and BAl (leuB6 trpC1116 hisB thyA thi Strr Tcr hsdR hsdM; A. W. M., unpublished) were used for plasmid constructions. Bacterial plasmids used in this study were constructed by standard recombinant DNA techniques. The ARS5 fragment used in the construction of pTC26 is from the yeast SUP4 region and was the gift of R. Rothstein (unpublished). The yeast strains used for transformation were T1753 (a leu2-3,112 his3-11,15 ura3 trpl cani cir°) and D234.3B (a leu2-3,112 his3-11,15 ura3 trpl can] tcml cir+). Some transformants were mated to strains DM64.2A (a leu2-3,112 his3-11,15 ura3 arg4 cir+) or DM64.5B (a leu2-3,112 his3-11,15 ura3 arg4 cir+).
Yeast transformation and Southern blots. Yeast spheroplast transformations and Southern blots (28) were performed as described by Orr-Weaver et al. (24) . In some cases, LiCl-mediated transformation (12) was used.
Creation of a chromosomal inverted repeat. The plasmid A193plO (Fig. 2) contains an inverted repeat of the Tetrahymena telomeres (referred to as Tr ends) separated by the HIS3 gene, a second copy of HIS3, and a 3.7-kilobase (kb) fragment containing the MATa locus. The plasmid was first cleaved with BamHI and then recircularized with DNA ligase to create an uninterrupted repeat of the Tr ends. The ligated DNA was then cut with XbaI, which cuts in the MATa DNA, targeting the plasmid to recombine with the MAT locus when it is introduced into a yeast cell by transformation (24) . The XbaI-cut DNA was introduced into strain D234.3B, and His' transformants were selected and then screened to identify those in which the integrated HIS3 gene was mitotically stable. DNA from 12 of these transformants was prepared and examined to identify transformants with the expected structure. We found two transformants, T2176 and T2181, with the correct structure. Because DA234.3B is MATa and the integrated plasmid carries MATa, these transformants are MATa/MATa haploids which mate extremely poorly. Rare diploid derivatives were selected after mating T2176 or T2181 to the tester strains DM64.2A and DM64.5B. We examined DNA from 28 diploids and identified 9 which had maintained the inverted repeat of the Tr ends flanked by duplications of MAT DNA. Four of these strains, DA309, DA335, DA336, and DA354, were used for pedigree analysis to determine the frequency of telomere resolution as described below.
Resolution frequency measurements. The frequency at which an inverted repeat of the Tr ends integrated at the MAT locus of chromosome III resolved was measured by pedigree analysis (22) . An exponentially growing culture of a diploid strain which carried one copy of the modified chromosome III was streaked onto a nonselective plate, and buds were separated from mother cells by micromanipulation. This separation was repeated for at least four generations to yield defined cell lineages. The single cells were allowed to These fragments were assayed for their ability to act as substrates for the telomere elongation reaction. The 50-repeat cluster from pTC5 was used in the construction of a circular plasmid, A325p2 (Fig. 2) , that contained the yeast HIS3 gene flanked by C4A2 clusters in inverted orientation. Digestion of this plasmid with BamHI generated linear DNA molecules with C4A2 clusters at each end. This DNA was able to transform yeast with high frequency, and all of the transformants carried linear plasmids (Fig. 3a) . The telomeres of these plasmids had been modified by the elongation reaction. The original homogeneous end fragments had become longer by 200 to 300 bp, and heterogeneous in size with a dispersion of 100 to 200 bp (Fig. 3b) . In previous experiments, the DNA added to C4A2 repeats in yeast cells was shown to be yeast C13A repeats (26) . Thus, the unique DNA adjacent to the C4A2 repeats is not necessary for telomere function in yeast cells.
The six-repeat cluster was assayed for telomere function in a similar way. The plasmid A351pl contains two inverted copies of the six-repeat cluster separated by the URA3 gene.
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Digestion with BamHI produced a linear DNA fragment which, when transformed into yeast cells, gave rise to linear plasmids whose telomeres were heterogeneous in size and had 200 to 300 bp of C1_3A repeats added to them. We analyzed the length of the added C1_3A sequences on plasmids whose telomeres were derived from the 700-bp Tr end, the 300-bp C4A2 cluster, and the six-repeat cluster. For each case we chose an enzyme which would cut approximately 700 bp from the terminus of the linear transforming DNA. Yeast DNA from linear plasmid-bearing strains was cut with the appropriate enzyme, run on an agarose gel, Southern blotted, and probed with labeled C4A2 DNA (Fig. 3b) . The length of the fragments from plasmids with all three types of end was very similar, indicating that the amount of C1_3A DNA which is added to a plasmid during the elongation reaction is not influenced by either the unique Tetrahymena DNA or the amount of C4A2 DNA at the end. Thus, any system which monitors and regulates the amount of C1_3A DNA at telomeres does not detect C4A2 DNA as bona fide telomeric DNA. C4A2 repeats cannot be the normal substrates for the resolution and elongation systems, since there are no such sequences in the yeast genome. The most likely normal substrates are the stretches of C1_3A found at yeast telomeres (26) ; cloned C1_3A clusters are indeed substrates for the reaction (V. Lundblad and J. W. Szostak, unpublished).
Since yeast telomeres contain short regions of alternating CA within the C1_3A clusters, we tested a fragment of pure alternating CA for substrate activity. (Fig.  2) , in which two CA clusters were arranged as an inverted repeat separated by 7.3 kb of DNA. Digestion of pTC26 with Sail generated linear molecules carrying ARS5 (the gift of R. Rothstein) and the LEU2 gene, which had CA clusters at both ends with the GT-rich strand running 5' to 3' towards the telomere as it would in a normal yeast telomere. These molecules were gel purified and used to transform yeast cells. The transformants carried linear plasmids, and the telomeres of these plasmids had been modified by the elongation reaction (Fig. 4d) . Thus, alternating CA is also a substrate for the elongation reaction.
Orientation specificity of the elongation reaction. All telomeric sequences have the same orientation: the GT-rich strand runs 5' to 3' towards the DNA terminus, and the CA-rich strand runs away from it (3, 4, 7, 15, 26, 32 ). In the experiments described above, all of the CA-rich clusters had this orientation in the linear molecules that were used to transform yeast cells. We tested the orientation specificity of the elongation reaction by transforming yeast cells with linear molecules containing terminal CA clusters oriented so that the CA-rich strand ran 5' to 3' towards the DNA terminus. Digestion of pTC26 (Fig. 2) with XbaI resulted in the formation of linear molecules carrying ARS1 and the HIS3 gene which were terminated by alternating CA clusters with this "incorrect" orientation. This fragment transformed yeast cells with reduced efficiency, and none of the transformants contained linear plasmids. Restriction analysis of the plasmids that were recovered revealed circular plasmids containing a variety of deletions and rearrangements (data not shown). Thus, the alternating CA cluster is a substrate for the elongation reaction only when the CA-rich strand runs in the same direction as it does in a natural telomere. the C4A2 repeats (6, 26) . We were therefore surprised to find that, in some cases, extraneous DNA sequences (e.g., vector and linker DNA) could be retained between the original C4A2 or CA repeats and the newly added yeast sequences. Presumably the enzymes involved in telomere elongation recognize sequences that are somewhat removed from the end of the molecule.
We examined the retention of non-CA DNA between the CA cluster and the end of the linear molecule as follows. The circular plasmid pTC26 contains a separated inverted repeat of (CA)75 clusters (Fig. 2) . Each CA cluster is inserted within a polylinker sequence, so that they are followed by the restriction enzyme sites PstI, BamHI, and Sall (Fig. 4a) . The distance from the end of the CA cluster to the PstI, MOL. CELL. BIOL. BamHI, and Sall sites is 33, 59 , and 66 bp, respectively. SalI-cut DNA was used to transform yeast cells, and 26 linear plasmids were examined for retention of the SalIl, PstI, or BamHI sites between the CA cluster and the added C1.3A DNA (Fig. 4d) . The results of this analysis are summarized in Fig. 4c . Ten of the plasmids retained none of the restriction sites at either end of the molecule. Ten plasmids retained the PstI site at only one end of the molecule, and three retained it at both ends. One plasmid retained both the BamHI and PstI sites at only one end, and two retained these sites at both ends. None retained the Sail site at either end. Overall, 33% of the PstI sites were retained, showing that the yeast telomeric repeats are often added to the introduced molecules when there are at least 35 bp of DNA between the CA cluster and the end of the molecule.
In the above experiments, as much as 60 bp of DNA was retained between the preexisting CA cluster and the newly added C1_3A DNA. We wished to know whether larger amounts of DNA could be retained or whether there was some limit to the length of the intervening non-CA DNA. The plasmid A142pl contains an inverted repeat of the Tr ends separated by the HlS3 gene (Fig. 2) . We cut A142pl within the HIS3 gene with BgII to generate linear molecules terminated by C4A2 clusters followed by 120 bp of unrelated DNA at one end and by 870 bp of unrelated DNA at the other end. The restriction sites available for the determination of the extent of the retained DNA are shown in Fig. 5 . BgII-cut A142pl DNA was used to transform yeast cells, and we examined the structure of 23 linear plasmids. None of the plasmids retained the terminal BgII sites. At the long end, one of the transformants retained at least 670 bp of DNA between the C4A2 repeats and the C1_3A DNA added by the elongation reaction. None of the remaining transformants retained any of the sites at this end. At the short end, eight plasmids showed retention of the AvaI and BamHI sites, which were 17 and 12 bp beyond the end of the C4A2 repeats, respectively, and five of these also retained a TaqI site which was 80 bp beyond the end of the C4A2 repeats. In all other cases, the unrelated DNA was apparently degraded before the elongation reaction started. We conclude that the elongation reaction rarely retains more than 100 bp of nontelomeric sequence between the introduced telomeric sequences and the added C1_3A DNA.
Resolution reaction. We have previously shown that an inverted repeat of the terminal 700 bp of the Tetrahymena rDNA plasmid is resolved in yeast cells to yield two functional telomeres (29) . We have constructed linear DNA molecules that terminate in Tr ends and whose extreme termini are hairpin loops; these molecules, when introduced into yeast cells by transformation, also give rise to linear plasmids. The telomeres on these plasmids and also on those derived from molecules which contained head-to-head Tr end repeats have become longer by the addition of 100 to 300 bp of DNA. Thus, two of the intermediates postulated by the Bateman (1) model can undergo a resolution reaction and give rise to telomeres which are subsequently substrates for the elongation reaction. Neither inverted repeats nor hairpin termini consisting of nontelomeric sequences are capable of being converted into telomeres (29) .
We have examined the resolution of two new inverted repeat structures by transformation of yeast cells with circular plasmids. An inverted repeat of alternating CA repeats was made by BamHI digestion of a plasmid (pTC27) that has CA clusters flanking HIS3, followed by ligation and gel purification of supercoiled circles. Examination of DNA from six transformants revealed only linear plasmids. In another experiment, a plasmid (pTC7) was constructed with a pseudo-inverted repeat composed of C4A2 repeats on one side and CA repeats on the other. This plasmid (which was stable in E. coli) was used to transform yeast cells, and 10 transformants were examined by Southern blot analysis.
Two had resolved to yield linear plasmids, while eight had remained circular. The circular plasmids were able to resolve at a low frequency, since linear plasmids could be formed after extensive subculturing.
The rate of the resolution reaction in such experiments is difficult to measure, since many generations elapse between the transformation event and the preparation of DNA for structural analysis. Measurements of the fraction of plasmid molecules that are linear as a function of time after introduction of a head-to-head telomeric repeat will greatly overestimate the rate of resolution, because acentric linear plasmids are more mitotically stable than acentric circular ones (21) . To accurately measure the frequency of telomere resolution, we designed a scheme by which resolved and unresolved molecules would be equally well propagated and resolution events would be detectable genetically as well as physically. This scheme involved the introduction of a head-to-head repeat of the Tr ends at the MAT locus of chromosome III (Fig. 6a) . Resolution of this inverted repeat into two new telomeres breaks chromosome III into two halves. The left half carries all sequences to the left of MAT, including the centromere of chromosome III, and is stably propagated. The right half carries all the sequences to the right of MAT, and because it lacks a centromere, it is rapidly lost by mitotic segregation (20) . In a diploid strain which carries a normal version of chromosome III as well as the version carrying the Tr end repeat, the resolution events are detected by the loss of the LEU2 and URA3 genes which VOL. 8, 1988 at have been integrated near the right telomere of the chromosome carrying the Tr end repeat. The Tr end repeat was introduced into a haploid strain; we identified two transformants which carried the correct head-to-head Tr end repeat and mated them to a haploid which contained a normal version of chromosome III. The resulting diploid strains were subjected to pedigree analysis, in which defined cell lineages are produced by separating individual mother and daughter cells (22) , and then we examined them for inheritance of the LEU2 and URA3 genes. Putative resolution events were identified as cell divisions which gave rise to Leu-Ura-cells. In all cases their identity was confirmed by preparing DNA from the Leu-Ura-strains and demonstrating that a new telomere had been generated at the site of the head-to-head Tr end repeat (Fig. 6b) (25) telomeres argued that the completion of telomere replication involves non-template-directed DNA synthesis at a free telomeric 3' end rather than replication around a hairpin loop followed by resolution of an inverted telomere repeat (1). This paper extends those observations by providing information about the specificity of the reaction that adds yeast C1_3A repeats.
We have shown that the telomere elongation system can recognize C4A2 and CA repeats, but only when these sequences are in the correct orientation and when they are present at or close to the end of a linear DNA molecule. Ends from Oxytricha, consisting of a short stretch of C4A4 repeats, are also elongated in yeast (25) Since linear molecules ending in Tr ends are efficiently converted into linear plasmids, the elongation reaction itself must be very efficient. One major advantage of the elongation reaction as a means of solving the problem of complete telomere replication is that, unlike the resolution reaction, it need not occur in every cell cycle. For instance, if incomplete terminal replication causes the loss of 15 bp of DNA per cell generation (in the absence of the elongation reaction), then a telomere which has 300 bp of telomeric repeat sequence will be able to survive more than 10 cell cycles without the elongation reaction occurring. In this model, the structure of telomeres is not static but is in dynamic equilibrium as the result of the opposing actions of non-templatedirected DNA synthesis on the one hand and incomplete replication and exonucleolytic degradation on the other. This dynamic equilibrium provides a ready explanation for the observed heterogeneity in the length of yeast and ciliate telomeres. The constant average length of yeast telomeres implies a feedback mechanism which senses the length of telomeric DNA and reduces the extent of non-templatedirected DNA synthesis when the telomeric DNA exceeds a certain length. Although the elongation reaction recognizes C4A2 repeats, the feedback system is apparently more specific and can distinguish between C4A2 repeats and C1_3A
repeats. The continuous increase in the length of trypanosome telomeres (2) most likely results because the elongation reaction outstrips degradation. Perhaps this imbalance reflects the absence of a feedback system for controlling the elongation reaction. Proof that the elongation reaction is responsible for normal telomere replication will require the isolation of mutants defective in the elongation pathway.
What is the mechanism of the telomere elongation reaction? Shampay et al. (26) have proposed that the addition of C1_3A repeats to telomeres in yeast cells involves nontemplate-directed DNA synthesis. Specifically, they proposed that the 3' end of the GT-rich strand is extended by a sequence-specific terminal transferase-like activity that can add G residues after a T and either G or T after G. The CA-rich strand is subsequently filled in by the combined action of primase and polymerase (Fig. lc) . Greider and Blackburn (8, 9) have isolated and characterized a terminal transferase-like activity from Tetrahymena which can add T2G4 repeats to single-stranded primers which represent either the Tetrahymena or yeast GT-rich strands. The yeast enzyme must have the remarkable property of recognizing internal C1_3A repeats, even though it adds new DNA to the terminus of the DNA molecule.
The results obtained in this paper argue against recombinational models for telomere growth such as those proposed by Bernards et al. (2) and Walmsley et al. (34) . Since nontelomeric linker sequences can be retained between the original C4A2 repeats and the newly added C1_3A repeats, there does not seem to be any opportunity for homologous strand invasion or strand slippage followed by extension. The non-template-directed DNA synthesis model is also applicable to the de novo addition of telomeres to the new ends generated during the processing of micronuclear chromosomes into macronuclear fragments during ciliate development.
The existence of the elongation reaction also provides a simple explanation for chromosome healing. This is the apparently spontaneous generation of telomeres at the termini of broken chromosomes (9, 17) . We suggest that healing may occur when a CA-rich sequence in the correct orientation for the elongation reaction is exposed as a result of exonucleolytic degradation from a broken end. For (26) , the slow resolution of the pseudo-inverted repeat suggests that the yeast telomeric sequences are probably not better substrates for the telomere resolution reaction than Tetrahymena sequences. The slower resolution of the pseudo-inverted repeat does imply that the resolution reaction favors substrates which are symmetric about the center of the inverted repeat and therefore that the reaction proceeds by a cruciform intermediate. In particular, we suggest that any perfect inverted repeat in the yeast genome can form a cruciform structure at a low frequency. The base of the cruciform is identical to a Holliday junction and can therefore be cleaved by enzymes which recognize Holliday junctions, thus breaking the chromosome at the site of the inverted repeat (Fig. lb) . Only if the sequence forming the cruciform is a telomeric sequence will it be a substrate for telomere elongation and give rise to a new pair of telomeres.
